The physical structure of an organic solid is strongly affected by the surface of the underlying substrate. Controlling this interface is an important issue to improve device performance in the organic electronics community. Here we report an approach that utilizes an organic heterointerface to improve the crystallinity and control the morphology of an organic thin film. Pentacene is used as an active layer above, and m-bis(triphenylsilyl)benzene is used as the bottom layer. Sequential evaporations of these materials result in extraordinary morphology with far fewer grain boundaries and myriad nanometre-sized pores. These peculiar structures are formed by difference in molecular interactions between the organic layers and the substrate surface. The pentacene film exhibits high mobility up to 6.3 cm 2 V À 1 s À 1 , and the pore-rich structure improves the sensitivity of organic-transistor-based chemical sensors. Our approach opens a new way for the fabrication of nanostructured semiconducting layers towards high-performance organic electronics.
T he semiconductor-dielectric interface significantly affects the performance and the reliability of field-effect transistors [1] [2] [3] [4] . In organic field-effect transistors (OFETs), especially in a bottom-gate configuration, the surface of the gate dielectric affects the growth and the morphology of the semiconducting layer, which in turn determines how fast charge carriers can move in the channel region 5 . As grain boundaries 6 and dislocations 7 prevent efficient charge transport between adjacent molecules, reducing such disorders in molecular packing has been extensively studied [8] [9] [10] . By adding an interfacial layer, such as self-assembled monolayers (SAMs) and polymeric materials, between the semiconductor and the underlying substrate, the interface properties can be controlled effectively for favourable mesoscale/nanoscale ordering of the organic semiconducting layer 5 . It is generally known that the surface of well-ordered SAMs promotes the two-dimensional (2D) growth of vacuum-deposited organic semiconductor thin films and improves the crystallinity; the surface of disordered SAMs is believed to degrade the film quality by reducing the interaction between the surface and admolecules, inducing the threedimensional growth rather than the 2D growth 11, 12 .
Here we report that a soft and rubbery organic surface that has a suitable interaction energy with organic admolecules can induce the quasi 2D growth with few nuclei and result in high-quality organic thin films with indistinct grain boundaries. Compared with previous high-quality pentacene grains in the range of few micrometres, our pentacene films exhibit much larger grains and crystalline homogeneity. Furthermore, a high-quality macroporous pentacene thin film is formed by selective adsorption and enhance lateral diffusion on an organic heterointerface. Sequential evaporations of a small-molecule dielectric and pentacene result in high field-effect mobility (m FET ), up to 6.3 cm 2 V À 1 s À 1 , as well as nanometre-sized pores in the organic layers having vertical orientation with respect to the substrate. We attribute this high m FET to the large and continuously connected pentacene grains, and to the clean interface between the two organic layers, which are evaporated without breaking vacuum. The macropores are found to enhance the sensitivity of OFET-based chemical sensors because of the enhanced diffusion of analytes into the active channel region.
Results
Material properties and device fabrication. For the insulating small-molecule organic layer, we employed m-bis(triphenylsilyl) benzene (TSB3), as shown in Fig. 1a . This organosilicon compound has a high energy gap of 3.6 eV in a thin film ( Supplementary Fig. 1a ), due to the electronically isolated phenyl rings. The highest occupied molecular orbital (HOMO) level of TSB3 was estimated to be À 7.1 eV by density functional theory (DFT) calculations, which is far lower than that of pentacene ( À 5.0 eV) ( Supplementary Fig. 1b ). The HOMO level was also experimentally confirmed by using cyclic voltammetry ( Supplementary Fig. 1c) . As a result, unfavourable charge transfer between TSB3 and pentacene is minimized during OFET operations. The glass transition temperature (T g ) and melting temperature (T m ) of TSB3 were estimated to be 33 and 238°C, respectively ( Supplementary Fig. 1d ). For the fabrication of OFETs, TSB3 and pentacene molecules were sequentially deposited in a thermal evaporator (o10 À 6 torr) while n-octadecyltrimethoxysilane (OTS)-treated SiO 2 substrates were heated to 60°C, which is higher than the T g of TSB3. The detailed fabrication process is described in the Methods section. The structure of the OFET is schematically illustrated in Fig. 1a . As control devices, another set of pentacene OFETs was also fabricated on OTS-treated SiO 2 excluding the evaporation of TSB3.
Macroporous pentacene film with indistinct grain boundaries. We first examined the morphological and the crystalline characteristics of the organic thin films. As shown in the atomic force microscopy (AFM) images of Fig. 1b , the presence of the TSB3 layer drastically alters the morphology of pentacene. In contrast to the small pentacene grains obtained in the absence of TSB3, the pentacene layer with TSB3 is continuously connected with indistinct grain boundaries. Dendritic or faceted grains have been commonly observed from pentacene thin films evaporated on a variety of substrates such as polymers, SAMs and inorganic layers 9 . The extraordinary pentacene morphology on TSB3 indicates that the TSB3 layer significantly affects the growth of the pentacene film. The pores in the pentacene film on TSB3 range in size from 50 to 150 nm, and their depth is found to be similar to the thickness of the organic layers (Fig. 1b) . A crosssectional image of the pores was obtained with high-resolution transmission electron microscopy (HRTEM) in Fig. 1c . The pores are connected to the OTS surface, which confirms that the pore depth corresponds to the combined thickness of the organic layers. It is noteworthy that no grain boundary defects are visible in the cross-sectional HRTEM image within the pentacene layer on TSB3, which is in agreement with the AFM image in Fig. 1b (detailed cross-sectional HRTEM analysis can be found in Supplementary Fig. 2 ). The electrical characteristics of the pentacene OFETs with and without TSB3 were measured in the saturation regime inside a nitrogen-filled glovebox. As shown in Fig. 2a , the pentacene OFETs with TSB3 exhibited higher output currents compared with the pentacene OFETs without TSB3 ( Supplementary Fig. 3 for current-voltage curves in logarithmic scale and drain current versus drain-source voltage curves). The pentacene OFETs with TSB3 had an average m FET of 5.5 (±0.7) cm 2 V À 1 s À 1 , whereas the pentacene OFETs without TSB3 showed an average m FET of only 1.5 (±0.2) cm 2 V À 1 s À 1 . The I ON /I OFF ratios of both sets of OFETs were 410 6 , and the threshold voltage values were À 37.5 (±0.8) V (with TSB3) and À 33.5 (±1.1) V (without TSB3).
A thorough investigation of the pentacene/TSB3 interface is needed to elucidate the remarkably high m FET of the pentacene OFETs with TSB3, because charge transport in OFETs occurs in the channel region in the vicinity of the gate dielectric 13 . The morphology of TSB3 is, however, unstable owing to its low T g , so the growth dynamics of pentacene thin films on TSB3 is difficult to study directly. We observed huge clusters of TSB3 after deposition of a 15-nm-thick TSB3 layer on OTS-treated SiO 2 ( Fig. 2b) . Such clusters were also found in pentacene (5 and 10 nm)/TSB3 (15 nm) layers; however, such clustering was not observed when a thick layer of pentacene (420 nm) was deposited onto the TSB3 film ( Fig. 2c-f ). We speculate that the TSB3 layer becomes stable in the presence of a thick upper pentacene layer, which suppresses the agglomeration of the bottom TSB3. We performed 2D grazing incidence X-ray diffraction (GIXD) measurements on 5-nm-thick pentacene on TSB3. The 2D GIXD pattern in Fig. 2g indicates that the first few layers of pentacene on TSB3 have a predominant thin-film phase. ARTICLE It is known that the coexistence of different pentacene polymorphs can contribute to an increase in the charge-transfer resistance due to the inter-grain and inter-domain structural mismatches between different crystalline phases 10, 14, 15 . We attribute the high m FET of pentacene OFETs with TSB3 to the structural homogeneity of the first few layers of pentacene, which contain far fewer grain boundaries, as well as to the clean semiconductor (pentacene)/dielectric (TSB3 on OTS-treated SiO 2 ) interface, produced by the sequential evaporation process without breaking vacuum, as illustrated schematically in Fig. 2h .
Chemical sensors based on macroporous pentacene thin film. In addition to the typical switching operation in logic circuits, OFETs can be used for sensor devices [16] [17] [18] [19] . In general, the output current of OFET-based sensors and detectors is scaled with the amount of target species diffused into the channel region 20 . In OFET-based chemical sensors, the device structure often limits their performance by blocking the efficient diffusion of analytes into the active channel region. Thus, organic semiconducting films with porous structures that facilitate charge transport may be ideal for OFET-based chemical sensors. The vertical macropores in the pentacene/TSB3 layers can improve the sensitivity of OFET-based chemical sensors by enhancing the diffusion of analytes into the channel region. In contrast to previous OFET-based sensors, in which the analytes diffuse into the channel through grain boundaries 20 , the macropores provide more efficient and direct pathways, which eventually lead to fast response and high sensitivity to the changes in analyte concentration (Fig. 3a) . We monitored the changes in the output current of pentacene OFETs with and without TSB3 while the flow of vapourized methanol was turned on and off sequentially. To confirm that methanol does not swell nor dissolve TSB3, a TSB3 layer was exposed to vapourized methanol, and its morphology was examined by AFM. The exposure of the TSB3 layer to methanol did not affect its physical structure. It is known that methanol molecules typically decrease the channel charge density of p-channel devices due to its electron-donating characteristics 21 . As shown in Fig. 3b , the OFET-based sensor with TSB3 exhibited a significant decrease in the output current when the device was exposed to methanol vapour. In addition, the response and recovery occurred within a few seconds, which demonstrates a remarkably fast and stable performance compared with previous OFET-based sensors 22, 23 as well as for other chemical sensors based on conducting polymers 24 , carbon nanotubes 25 or inorganic semiconductors 26 . On the other hand, the OFET-based sensors without TSB3 showed much lower sensitivity under the same condition. These results indicate that the macroporous structure induced by TSB3 is highly beneficial to improving the performance of OFET-based sensor devices.
Discussion
The flat and smooth morphology of pentacene on TSB3 is evidence for the Frank-van der Merwe growth of the pentacene admolecules 3 . In the Frank-van der Merwe growth, admolecules attach preferentially to the substrate surface rather than to the pre-deposited area, which leads to the formation of atomically smooth and fully covered layers 27 . Figure 4 shows 2D GIXD patterns of pentacene thin films with and without TSB3. The (00l) reflections in the q z direction (out-of-plane) indicate that pentacene molecules have stand-up orientation on TSB3. The two intense in-plane reflections, appearing vertically at a given q xy , can be indexed to {1, ± 1} and {0, 2}, respectively; each reflection index represents two distinct crystalline polymorphs of pentacene thin film, which are referred to as the pseudoorthorhombic 'thin-film' phase and the triclinic 'bulk' phase 28 . The multiple reflection spots in these vertical 'Bragg-rods' suggest that our pentacene films consist of ordered multi-stacked layers in both vertical and lateral directions 29 . Interestingly, the pentacene film on TSB3 consists predominantly of the thin-film phase, whereas both thin-film and bulk phases are present in the pentacene film without TSB3. Note that the circular pattern at q r E1.37 Å À 1 in Fig. 4a is due to the underneath TSB3 layer, which is not preferentially oriented on the substrate ( Supplementary Fig. 4 ). The bias stress effect was compensated by dividing the raw data by the current without the flow of analyte, and the data were normalized to the initial current at t ¼ 0. The blue regions indicate the flow of methanol gas (analyte). As clearly shown in the plot, the sensor with TSB3, having vertical macropores, exhibits higher sensitivity than the sensor without TSB3. Both V GS and V DS were fixed at À 100 V. 
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We devise the mechanism in Fig. 5 for the growth of pentacene on TSB3 to explain the indistinct grain boundaries and the formation of the pores. Molecular dynamics (MD) simulations were performed to test our model 30, 31 . First, the direct contact between TSB3 and OTS was studied in an attempt to explain the dewetting of TSB3. The interaction energy between TSB3 molecules is more negative, that is, more attractive, than the interaction energy between TSB3 and OTS ( Supplementary  Fig. 5 ). This result indicates that agglomeration of TSB3 occurs instead of covering the substrate. The atomically smooth OTS layer with low surface energy may also expedite the dewetting of TSB3, which is already in a rubbery state because the substrate temperature is higher than its T g . Once pentacene is evaporated, it starts to be adsorbed onto the rubbery TSB3 film rather than onto the dewetted OTS area. We calculated the TSB3-pentacene and OTS-pentacene interaction energies with MD simulations. Monolayer, bilayer and trilayer of pentacene were constructed on TSB3 and OTS ( Supplementary Fig. 6 ); the relatively unfavourable interaction (that is, larger positive binding energy) is estimated between pentacene and OTS. This result indicates that the deposition of evaporated pentacene molecules occur preferentially on the TSB3 surface rather than OTS. When the pentacene molecules encounter the dewetted OTS surface, they are captured by the pentacene/TSB3 layers through the van der Waals force. To confirm this selective growth, we simulated the movement of the pentacene molecules by placing them at the boundary between the TSB3 and OTS layers, as shown in Fig. 6 . After 50 ps, the pentacene molecules, which straddled at the boundary, have diffused towards the TSB3 layer. Previously, Bao et al. 32 estimated the mean travelling distance of pentacene molecules on OTS surfaces using the capture zone model: 0.67 and 1.12 mm for crystalline and amorphous OTS, respectively. Since in our study the size of the pores in the pentacene film with TSB3 ranges from 50 to 150 nm, the pentacene molecules deposited on dewetted OTS have enough time to escape to the pentacene/TSB3 layer. Thus, the large number of macropores in the pentacene thin film on TSB3 is attributed to the dewetting of TSB3 and the preferential growth of pentacene via diffusion onto TSB3 rather than OTS.
The high m FET of the pentacene OFETs with TSB3 indicates that the macropores in the pentacene layer do not severely affect the charge transport, as depicted in Fig. 2h . During the growth of pentacene, the nucleation density (N) in the first seeding layer is known to be related to the ratio between the diffusion constant (D) and the deposition rate (F) by the following equation: NEF/D 33 . In our experiment, N is mainly dependent on the D of pentacene adsorbed on the surface, because F remains constant by controlling the evaporation condition. The D value seems to be larger on the TSB3 surface than on the OTS, as inferred from the enlarged crystal domains with indistinct grain boundaries on the TSB3 layer. The soft and rubbery characteristics of the TSB3 surface facilitate the lateral diffusion of pentacene molecules 32, 34 . Similarly, previous studies revealed higher D values for pentacene admolecules on disordered SAMs, which have mobile alkyl chains and soft surface, than on ordered SAMs 11, 12 . This enhanced surface diffusion contributes to the self-ordering of pentacene with far fewer grain boundaries in the first seeding layer. Kim et al. 35 reported that the surface viscoelasticity of polymer gate dielectrics affects the performance of pentacene transistors; pentacene thin films deposited at substrate temperatures higher than the T g of the polymer dielectrics had inferior pentacene crystallinity and morphology. In the case of these polymer dielectrics, however, the attractive interactions with pentacene molecules are much stronger than our soft small-molecule dielectric TSB3 (see the MD simulation results in Supplementary Fig. 7) . Therefore, the diffusivity of pentacene admolecules is reduced on the polymers, which hinders the growth of high-quality pentacene thin films. In summary, we investigate the effects of the organic heterointerface between rubbery small-molecule dielectric and pentacene on the performance of OFETs and chemical sensors. TSB3, an organosilicon insulating compound with low T g , significantly changes the morphology of the pentacene thin layer and affects the device performance. Continuously interconnected pentacene grains with far fewer grain boundaries are formed on TSB3, leading to remarkably high m FET up to 6.3 cm 2 V À 1 s À 1 . In addition, a large number of vertical macropores in the organic layers significantly improve the sensitivity of chemical sensors. Our finding demonstrates that organic small-molecule heterointerfaces, enabling a sophisticated control of the growth and morphology in organic thin films, can be utilized to improve the performance of organic electronic devices and to expand their applications.
Methods
Device fabrication. Heavily doped silicon wafers (n-type,o0.004 O cm) with thermally grown 300-nm-thick SiO 2 were used as substrates. The SiO 2 /Si wafers were cleaned with piranha solution (a mixture of 70 vol% H 2 SO 4 and 30 vol% H 2 O 2 ), followed by ultraviolet-ozone treatment. The surface of the wafers was modified with n-OTS SAM. 36 The OTS solution (3 mM in trichloroethylene) was spin-coated at 3,000 r.p.m. for 30 s onto the wafers, and then the samples were kept overnight in a vacuum desiccator with a few drops of NH 4 OH. The wafers were washed with toluene, acetone and isopropyl alcohol, and dried under nitrogen gas. The contact angle of deionized water on the OTS-treated SiO 2 was typically above 110°.
To fabricate the OFETs, TSB3 (15 nm) and pentacene (45 nm) layers were sequentially deposited onto the OTS-treated SiO 2 /Si substrates in a thermal evaporator without breaking vacuum. The base pressure was below 5.0 Â 10 À 6 torr, and the deposition rate was maintained at 0.1-0.2 Å s À 1 . For pentacene OFETs without TSB3, only a pentacene layer (45 nm) was thermally evaporated. During the evaporation, the samples were heated at 60°C. Gold source/drain electrodes (40 nm) were thermally evaporated through a shadow mask onto the pentacene layer. The source/drain patterns had a channel length (L) of 50 mm and a channel width (W) of 1,000 mm (W/L ¼ 20).
To measure the capacitance of the gate dielectric, TSB3 (15 nm) and gold electrode patterns (40 nm) were deposited sequentially onto OTS-treated SiO 2 /Si with gold electrode patterns in a single vacuum process.
Electrical measurement. The current-voltage characteristics of the OFETs were measured inside a glovebox filled with nitrogen gas using a Keithley 4200-SCS semiconductor parametric analyzer. The field-effect mobility (m FET ) and the threshold voltage (V TH ) were estimated in the saturation regime (V DS ¼ À 100 V) with the following equation: 13
where I D is the drain current, C g is the capacitance of the gate dielectric and V GS is the gate-source voltage.
In the sensor measurements, methanol vapour was produced by flowing nitrogen gas into a flask filled with liquid methanol. Vapourized methanol then flowed to the sensor device through a 3-mm-wide tube. The end of the tube was installed 5 cm above the surface of the device. While the flow of methanol was on, the gas flow was maintained at 4 s.c.c.m.
The capacitance of the gate dielectric was measured with an Agilent 4284A. Both OTS-SiO 2 (300 nm) and TSB3 (15 nm)-OTS-SiO 2 (300 nm) samples had almost identical capacitance of 11 nF cm À 2 .
Morphology characterization. The surface morphologies were characterized with an AFM (Digital Instruments Multimode) and a scanning electron microscope (Hitachi S-4200).
2D GIXD measurements were performed at the 3C and 9A beamlines of the Pohang Accelerator Laboratory.
Cross-sectional HRTEM images were obtained using a field emission electron microscope (JEOL, JEM-2100F). In the preparation of HRTEM specimens, aluminium (250 nm) and platinum (1.3 mm) layers were sequentially deposited on the samples to protect the organic layers against high-energy gallium ions (acceleration voltage of 30 kV) during the focused-ion-beam milling process (FEI, Helios).
Material analysis. The optical and thermal behaviours of TSB3 were measured using a ultraviolet-Visible spectrophotometer (Varian, CARY-5000) and a differential scanning calorimetry (Perkin-Elmer DSC7), respectively.
Cyclic voltammetry was performed using a PowerLab/AD instrument model system. A tetrabutylammonium hexafluorophosphate (Bu 4 NPF 6 ) solution in acetonitrile (0.1 M) was used as the electrolyte solution. Three kinds of electrodes were used in the measurements: Ag/AgCl reference electrode, glassy carbon working electrode and platinum counter electrode. The potential of the Ag/AgCl reference electrode was internally calibrated using the ferrocene/ferrocenium redox couple (Fc/Fc þ ). The energy levels of organic semiconductors were estimated with the equations below:
DFT calculation. DFT calculations were performed using the Gaussian 03 package with the Becke, 3-parameter, Lee-Yang-Parr (B3LYP) function and the 6-31G * basis set after optimizing the geometry of TSB3.
MD simulation. To interpret the bonding and non-bonding interactions in the atomic systems of interest, the COMPASS (condensed-phase optimized molecular potentials for atomistic simulation studies) force field was employed. The equation for the total interaction energy, V(R), which contains nearly 30 potential energy parameters, has the generic form:
The first four terms are the energies of bond stretching, angle bending, torsion and deformation, respectively, which mostly are fitted into anharmonic forms. The next three terms are the long-range electrostatic (that is, Coulombic), van der Waals (that is, 9-6 Lennard-Jones) and dispersion (that is, Morse type) interaction energies, respectively. The final term is presented for the simulation of semi-ionic systems. The total interaction energy, V(R), is integrated with respect to time following the Verlet algorithm to provide pairwise momenta between atoms, and the time interval was set to be 1 fs. We performed all-atom MD simulations with the isometric and isothermal ensemble (that is, constant NVT, where N is the number of molecules, V is the volume and T is the temperature) at 60°C. All systems with interfaces were constructed by adding each constituent system and allowing it to undergo energy minimization with a relaxation period for 10 ps. After each interfacial system was constructed, it was relaxed with the same ensemble for 20-30 ps and run for 100 ps to calculate the binding energies and obtain other results.
